Background: Cardiac output (CO) is rarely monitored during surgery, and arterial pressure remains the only hemodynamic parameter for assessing the effects of volume expansion (VE). However, whether VE-induced changes in arterial pressure accurately reflect changes in CO has not been demonstrated. The authors studied the ability of VE-induced changes in arterial pressure and in pulse pressure variation to detect changes in CO induced by VE in the perioperative period.
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Conclusion: Only changes in pulse pressure variation accurately detect VE-induced changes in CO and have a potential clinical applicability.
I
NTRAOPERATIVE fluid optimization based on cardiac output (CO) maximization has the ability to improve postoperative outcome and to decrease cost of high-risk noncardiac surgery. [1] [2] [3] [4] [5] [6] The studies demonstrating this improvement rely on intraoperative oxygen delivery and CO monitoring using either invasive (such as pulse contour analysis devices) 7, 8 or noninvasive devices (esophageal Doppler). [1] [2] [3] [4] However, despite evidence showing that CO optimization improves outcome and decreases the cost of high-risk surgery, a recent survey conducted among American Society of Anesthesiolgists and European Society of Anaesthesiology members showed that only one third of anesthesiologists monitor CO in this setting. 9 As a matter of fact, most anesthesiologists do not monitor CO during high-risk surgery and still rely on arterial pressure monitoring alone to conduct hemodynamic optimization and make clinical decisions regarding fluid management. 9 Interestingly, recent studies have suggested that volume expansion (VE)-induced changes in arterial pressure (especially mean arterial pressure [MAP] and pulse pressure [PP] ) may reflect changes in CO in septic patients. 10, 11 This hypothesis is of major importance because, if proven true, this would suggest that arterial pressure could be used to conduct CO optimization during high-risk surgery. This would be an inexpensive and universally available way to achieve the same goal. However, these monocentric studies were performed in the intensive care unit, in limited numbers of septic patients, used linear regression and receiver operating characteristic (ROC) curve analysis to assess this hypothesis, 10, 11 and their results cannot be extrapolated to the perioperative setting. Moreover, some studies have suggested that VE-induced changes in pulse pressure variation (dPPV) are well related to changes in CO induced by VE. However, the ability of dPPV to detect changes in CO has never been tested, although it could be an alternative way to detect fluid responders.
By using a gray zone approach, we have recently demonstrated that PPV is the best predictor of fluid responsiveness in the perioperative setting 12 (i.e., that PPV predicts the effects of VE before VE is performed). However, after VE has been administered, it is essential to validate whether CO has increased or not, even in the absence of a CO monitoring system. To date, there is no clinical study evaluating the ability of changes in arterial pressure or in PPV to reflect VEinduced changes in CO in the perioperative setting. In other words, although it has been demonstrated that PPV can be used as a screening tool (to predict fluid responsiveness), it is not clear whether dPPV can be used as a diagnostic tool (to detect fluid responsiveness after fluid administration).
Consequently, the aims of the current study were (1) to investigate the relationship between VE-induced changes in arterial pressure-derived parameters (including VE-induced changes in PPV) and in CO in the perioperative setting; and (2) to investigate the ability of VE-induced changes in arterial pressure-derived parameters to reflect the effects of VE on CO using the recently described gray zone approach. 12, 13 
Materials and Methods
This study is a subanalysis of a previously published study evaluating the ability of PPV to predict fluid responsiveness using a gray zone approach. 12 
Data Collection
Four European institutions (Hôpital Louis Pradel, Lyon, France; Hôpital La Pitié-Salpêtrière, Paris, France; Triemli City Hospital Zurich, Switzerland; and Centre Hospitalier Universitaire, Lille, France) participated in this study. We first defined preload responsiveness evaluation as an intravenous volume load of 500 ml colloid solution given over 10-20 min, immediately preceded and followed (2-5 min later) by hemodynamic measurements performed with the aim of measuring the change in CO induced by VE. Each investigator collected every sequence of hemodynamic evaluation, which was prospectively recorded and available in his/her own database, provided that (1) the patient was an adult, with no history of arrhythmia, right ventricular failure, valvular heart disease, or intracardiac shunt; (2) he/she was under general anesthesia, muscle paralysis, and mechanical ventilation in the controlled volume mode (muscle relaxant was used to avoid spontaneous breathing); (3) measurements and volume loading were performed in the operative room or in the early postoperative period, in closed-chest condition; and (4) hemodynamic and ventilatory data chosen for analysis in the current study had been obtained in predefined conditions as described in the Data acquisition and experimental protocol section. When more than one sequence of preload responsiveness evaluation was available for a given patient, only the first fluid challenge per patient was retained for analysis.
Data Acquisition and Experimental Protocol
All patients had a 3-or 5-French catheter inserted in radial or femoral artery for arterial blood pressure monitoring. Pressure transducers were leveled at the mid-axillary line and fixed to keep the transducer at the atrial level all along the study protocol. All transducers were zeroed to atmospheric pressure. CO was measured in all patients (1) by thermodilution via a pulmonary artery catheter (pulmonary artery catheter, Swan Ganz catheter, 7.5 French; Edwards, Lifescience, Irvine, CA), using the average of five successive measurements obtained by injection of 10 ml of dextrose at room temperature randomly during respiratory cycle; or (2) by the pulse contour method using a 4-French thermistortipped arterial catheter (Pulsiocath thermodilution catheter; Pulsion Medical System, Munchen, Germany) inserted into the left femoral artery and connected to a standalone PiCCOplus or PiCCO 2 monitor (Pulsion Medical Systems). In that case, continuous stroke volume measurement was initiated after initial calibration of the system by three injections of 20 ml ice-cold normal saline into the central venous catheter (transpulmonary thermodilution); or (3) via transesophageal echocardiography: All echo-Doppler data were recorded (Vivid Q; GE Healthcare®, Milwaukee, WI) by trained observers and analyzed offline by another investigator (Dr. Goarin), who was not aware of the characteristics of the patients; or (4) esophageal Doppler (Hemosonic 100; Arrow, Reading, PA) allowing measurements of aortic diameter and aortic blood flow, adjusted to obtain the best aortic blood velocity signal and not moved until the end of the fluid challenge, as previously reported. 14 The following variables were collected in all patients before and after VE: Heart rate, systolic, diastolic, and MAP (systolic arterial pressure [SAP] , diastolic arterial pressure [DAP] , and MAP, respectively), (defined as SAP − DAP) (PP), and CO. PPV was also recorded before and after VE as described in the previously published study from this group of patients. 12 All patients were studied after a 2-to 3-min period of hemodynamic stability with no changes in anesthetic protocol or ventilator settings and no VE. Baseline hemodynamic measurements were obtained and then followed by an intravenous VE consisting of 500 ml of colloid solution (hetastarch 6% or modified fluid gelatin), given over 10-20 min. Hemodynamic measurements were performed within 2-5 min after VE.
Changes in arterial pressure induced by VE were expressed as relative changes (arterial pressure after VE − arterial pressure before VE)/arterial pressure before VE). Only changes in PPV were expressed as PPV after VE − PPV before VE.
These changes were expressed for %SAP, %DAP, and %MAP and for %PP and PPV (dPPV).
Endpoint Definition
A positive fluid response was usually defined by an increase in CO of more than or equal to 15%. 15 Consequently, patients were divided into two groups according to the percent change in CO after VE: Responders were defined as patients demonstrating an increase in CO more than 15% after VE and nonresponders as patients whose CO changed less than 15%. An increase in CO of 10% was also considered as secondary endpoint to be comparable with studies that retained it as a threshold for a positive fluid response, such as the study by Pierrakos et al.
11

Statistical Analysis
All data are presented as mean ± SD. Changes in hemodynamic parameters induced by VE were assessed using paired or unpaired Student t test. Spearman rank method was used to test correlation. ROC curves were generated for SAP, DAP, MAP, and PP before VE and for their variations %SAP, %DAP, %MAP, %PP, and dPPV. The area under the ROC curves for each parameter was compared to null hypothesis = 0.5 using a paired nonparametric technique. 13 ROC curves were obtained by averaging 1,000 populations bootstrapped from the original study population, as previously described. 13 This method limits the impact of outliers and allows the provision of more robust presentations. CIs of the average ROC curve were depicted using box plots. Presented area under the ROC curves and best threshold were the average of the 1,000 populations, as previously reported. 12 
Threshold and Gray Zone Determination
The best threshold of an ROC curve was chosen as that which maximizes the Youden index (sensitivity + specificity − 1), as previously justified. 16 The "gray zone" determination was determined using a two-step procedure. The first step consisted of the determination of the best threshold in each of the 1,000 bootstrapped populations for each parameter. The 95% CI of the best thresholds was defined by the observed distributions of the thresholds in the 1,000 populations. This 95% CI is linked to the study population characteristics (mainly sample size and frequency of the primary endpoint). The second step was conducted to determine the value for which the variables of interest did not provide conclusive information. It corresponds to a range of values for which formal conclusions could not be obtained. We defined inconclusive responses for values presenting with either sensitivity lower than 90% or specificity lower than 90% (diagnosis tolerance of 10%). Twocurve (sensitivity, specificity) representation was provided to illustrate this second step.
The gray zone was then defined as the values of the parameters that did not allow having 10% of diagnosis tolerance. Nevertheless, if the characteristics of the study population produce a 95% CI of the best thresholds larger than the inconclusive zone, the values obtained during the first step were retained as gray zone.
This two-step procedure allows us to provide robust results not impacted by potential outliers. This approach is peculiarly interesting when small samples (or rare endpoints) are considered.
All P values were two-sided, and a P value less than 0.05 was considered significant. MedCalc 8.0.2.0 (MedCalc Software, Mariakerke, Belgium) and R 2.14** software were used for statistical analyses. Le Manach et al.
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Results
Demographic data are presented in the following section and reproduce the data from the original study published previously 12 
:
Of the 413 patients included in the study, 11 patients (2.6%) were excluded because arterial pressure data set was not complete after VE. (table 1) . CO was measured using pulmonary artery catheter in 126 patients, pulse contour method in 124 patients, and aortic echo-Doppler in 152 patients (table 1). The whole group consisted of 303 (75%) men and 99 (25%) women between 31 and 90 yr (mean age, 65 ± 9 yr; mean height, 171 ± 12 cm; mean weight, 77 ± 13 kg; body surface area, 2.4 ± 0.2 m 2 ).
Effects of VE on Hemodynamic Variables
Of the 402 patients included in the study, VE-induced a 17 ± 15% increase in CO, an 11 ± 18% increase in SAP, a 10 ± 20% increase in DAP, a 10 ± 18% increase in MAP, and a 21 ± 50% increase in PP. At the same time, VE-induced a 4.6 ± 5.6% decrease in PPV. VE increased CO of more than 15% in 205 patients (51%; table 2). In these patients, VE increased CO by 30 ± 12%, SAP by 16 ± 18%, DAP by 14 ± 23%, MAP by 16 ± 17%, and PP by 30 ± 52%, whereas it decreased PPV by 8 ± 5%. VE induced less than 15% increase in CO in 200 patients (49%). In these patients, VE increased CO by 4 ± 8%, SAP by 5 ± 13%, DAP by 5 ± 17%, MAP by 6 ± 13%, and PP by 13 ± 45% (table 2), whereas it decreased PPV by 1 ± 4%.
Relationship between Changes in Arterial Pressure and Changes in Stroke Volume
Percent changes in CO (%) induced by VE were correlated with percent changes in SAP (r = 0.38; P < 0.01), DAP (r = 
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0.28; P < 0.01), MAP (r = 0.36; P < 0.01), and PP (r = 0.16; P = 0.01) ( fig. 1) . We also observed a significant negative relationship between VE-induced changes in PPV and volumeinduced changes in CO (r = −0.61; P < 0.001) ( fig. 2) .
Ability of the Changes in Arterial Pressure to Detect Fluid Responsiveness
The ability of the changes in the different values of arterial pressure to detect a fluid-induced increase in CO greater than 15% is described in table 3 and figure 3 . The VEinduced changes (in %) in SAP, MAP, DAP, or PP detected a fluid-induced increase in CO greater than 15% with similar areas under the ROC curves, ranging between 0.64 and 0.70, and sensitivity and specificity ranging between 52 and 79%. For these four arterial pressure-derived parameters, large gray zones were found, and more than 60% of the patients lay within this inconclusive zone, as shown in table 3 and figure 4 . On the other hand, a VE-induced decrease in PPV (dPPV) of more than or equal to 3% allowed detecting a fluidinduced increase in CO of more than 15% with a sensitivity of 90% and a specificity of 77%, and decrease in PPV (dPPV) between 2.2 and 4.7% defined the gray zone and included only 14% of the patients ( fig. 5) . When a threshold of 10% increase in CO was used to define fluid responsiveness, the predictive values of these parameters are shown in table 4.
Discussion
This study demonstrates (1) that there is a significant relationship between VE-induced changes in arterial pressure and CO; (2) that VE-induced changes in arterial pressure detect a more than 15% increase in CO with reasonable sensitivity and specificity; and (3) that this approach has limited clinical application because most VE-induced changes in arterial pressure (>60%) lay in a gray zone. Finally, only changes in PPV (dPPV) detect a more than 15% increase in CO induced by VE with 90% sensitivity and 77% specificity, and only 14% of patients lay in the gray zone for this parameter. We previously demonstrated that PPV can be used as a screening tool (to predict fluid responsiveness) before VE is performed. This study demonstrates that dPPV can be used as a diagnostic tool (to detect fluid responsiveness) after VE is performed. 
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Two recent studies hypothesized that changes in arterial pressure can detect changes in CO during VE. 10, 11 These two studies have different conclusions. Monnet et al. 10 studied 228 septic patients and concluded that changes in SAP and PP can detect changes in CO induced by VE. This study demonstrated a significant relationship between arterial pressure and CO and a fair predictive value for changes in PP to detect changes in CO. However, even though ROC curve analysis provides with information regarding the predictive value of a diagnostic test, it is a weak tool to reflect the clinical reality. 12, 13 In clinical practice, most hemodynamic variables cannot discriminate between subjects with and without a given status with a perfect accuracy. The so-called gray zone approach has been proposed to avoid the binary approach of a "black or white" decision that does not reflect the clinical reality. 12, 13 In our study, this approach emphasizes the inability of VE-induced changes in arterial pressure parameters to detect the effects of VE on CO because more than 60% of the patients are inside this gray zone. More recently, Pierrakos et al. 11 studied the same hypothesis in 51 septic patients, and they concluded that changes in arterial pressure do not reflect changes in CO induced by VE. Our study, which included a larger number of patients in a standardized setting, found more mitigated results. Despite the significant relationship and the fair predictive value, more than 60% of VE-induced changes in arterial pressure lay within the gray zone. Consequently, interpreting changes in arterial pressure to infer changes in CO induced by VE can be misleading. Finally, the studies by Monnet et al. 10 and Pierrakos et al. 11 were conducted in septic patients, whereas our study focuses on surgical patients. Septic patients present with a different cardiovascular physiology compared with perioperative patients. Their cardiac function is often impaired and some recent studies suggest that their vascular function may present some abnormalities such as a peripheral vascular decoupling. 17, 18 Because our study specifically focuses on perioperative patients, our results cannot be extrapolated to the intensive care setting. However, because we included a wide range of pathologies and patients, we believe that these results have a broad potential clinical application in the perioperative setting.
Despite evidence showing that CO monitoring and optimization leads to a decrease in postoperative morbidity, mortality, and cost of high-risk surgery, 5, 6 arterial pressure and ventricular filling pressure are frequently monitored for the intraoperative hemodynamic management of most highrisk surgery patients, whereas CO is rarely monitored. 9 This may be induced by the belief that CO and arterial pressure are closely related. Classical parameters such as SAP, DAP, and MAP are daily used in the operating rooms and recorded in the patients' medical records. These values are used to assess cardiovascular status because they are easy to measure in clinical practice 19 and may be related to postoperative outcome. 20 However, these values depend on many parameters. As discussed by others, 18,21,22 a fluid-induced increase in stroke volume may result in arterial pressure increases of various amplitude according to patient's vasomotor tone, and especially to arterial elastance (which defines the relationship between the stroke volume and the PP into the central arterial compartment), and to the pulse wave amplification phenomenon (because arterial pressure is monitored at the peripheral arterial level). The present results suggest that our patients represented a relatively wide range of arterial vasomotor tone. Accordingly, arterial elastance varies with age, sex, mean blood pressure, body mass index, and expression of atherosclerosis. 18, 22 Although derived from arterial pressure measurements, changes in PPV were correlated with changes in CO more closely than other arterial pressure parameters. This may likely be explained by the close relationship that exists between initial PPV and the changes in CO induced by VE, as repeatedly demonstrated in previous studies, whereas arterial pressure, including PP, depends on many other determinants.
The current study demonstrates that changes in standard arterial pressure parameters cannot be used for conducting CO optimization in the perioperative period. However, dPPV is accurate to detect a more than 15% increase in CO induced by VE (of note, we expressed VE-induced changes in PPV as the difference between PPV after VE and PPV before VE). This is a significant addition to what we previously showed: That PPV before VE is a strong predictor of fluid responsiveness that it lays in the gray zone (between 9 and 13%) in about 25% of the cases. 12 Based on these two studies, PPV can be used as a screening tool (to predict fluid responsiveness), whereas dPPV can be used as a diagnostic tool (to detect fluid responsiveness after fluid has been given). Interestingly, dPPV presented with a narrow gray zone, and only 14% of the patients were in this gray zone, which suggests that this index presents with a significant clinical applicability. Combining PPV and dPPV may be of value for conducting CO optimization when no CO monitor is available. Considering the strong predictive value of PPV and dPPV, combining these indices could be a way Fig. 3 . Receiver operating characteristics curves representing the discriminative power of volume expansion-induced changes in arterial pressure to detect an increase of more than 15% of cardiac output after volume expansion. Receiver operating characteristics curves representing the discriminative power of volume expansion-induced percent changes in SAP (A), DAP (B), MAP (C), and PP (D) to detect an increase of more than 15% of cardiac output after volume expansion. AUC = area under the curve; DAP = diastolic arterial pressure; MAP = mean arterial pressure; PP = pulse pressure; SAP = systolic arterial pressure.
to overcome the lack of accuracy of mini invasive CO monitors 23 and could be used for goal-directed therapy during surgery. When PPV is in the gray zone (between 9 and 13%), a fluid bolus could be used to assess the changes in dPPV and then make a decision on whether or not CO increased. For this purpose, a mini fluid challenge (100 ml) 24 could be used. This approach may be of major clinical relevance in situations (institutions or countries) where CO monitoring is not available. However, this hypothesis would require a larger sample size to be tested.
Study Limitation
Our study presents some limitations. First, we classified responder and nonresponder patients using various methods of CO measurement. 23 However, all the techniques used to measure CO in this article have demonstrated high validity for measuring changes in stroke volume. 25, 26 All of these devices have already been used for defining fluid responsiveness in previous studies. 14, 27, 28 Second, VE was not adjusted to patients' weight. We did so to be in line with previously published articles (using a fixed 500 ml bolus). We found approximately 50% of responders to VE, which is consistent with previously published studies on the topic. In addition, we found no relationship between patients' weight and VEinduced change in CO (r 2 = 0.001; P = 0.056). Third, even if dPPV is the best variable to detect changes in CO, this index can only be used when the conditions of application of PPV are met (general anesthesia, mechanical ventilation, no arrhythmia, and tidal volume greater than 6 ml/kg). This represents the majority of patients with an arterial line in the operating room, especially considering that the limitation related to arrhythmia can be overcome 29 and considering that the tidal volume is a controlled variable that can be modified. 30 Finally, our study included more men (75%) Fig. 4 . Two-graph receiver operating characteristic curves: sensitivity and specificity of volume expansion-induced changes in arterial pressure according to the value of the cutoff for the detection of more than 15% increase in cardiac output after volume expansion. The inconclusive zone, which is more than 10% of diagnosis tolerance, is represented as a hatch rectangle. Volume expansion-induced percent changes in SAP (A), DAP (B), MAP (C), and PP (D). DAP = diastolic arterial pressure; MAP = mean arterial pressure; PP = pulse pressure; SAP = systolic arterial pressure.
than women and more vascular and cardiac surgeries (88%) than general surgeries. However, it is likely that sex does not influence these results. Finally, the heterogeneity of the surgeries included in our study might have underestimated the specificity of the test compared with a homogeneous group of surgeries. On the other hand, including several surgeries in several centers probably provides a better estimation of the value of the test and thus better reflects clinical reality.
In conclusion, VE-induced changes in arterial pressure have limited clinical applications for the detection of VEinduced changes in CO in patients undergoing surgery. Despite a relatively fair predictive value, changes in arterial pressure induced by VE are inconclusive for the detection of a more than 15% change in CO in more than 60% of the cases and thus should not be used as a surrogate for fluid responsiveness evaluation in routine clinical care of patients undergoing high-risk surgery. However, dPPV is able to detect fluid responders with excellent sensitivity and specificity and its gray zone only includes 14% of the patients. . Receiver operating characteristics (ROC) curves representing the discriminative power of volume expansion-induced changes in PPV to detect an increase of more than 15% of cardiac output after volume expansion (A) and two-graph ROC curves: sensitivity and specificity of volume expansion-induced changes in PPV according to the value of the cutoff for the detection of more than 15% increase in cardiac output after volume expansion. The inconclusive zone, which is more than 10% of diagnosis tolerance, is represented as a hatch rectangle (B). AUC = area under the curve; PPV = pulse pressure variation. 
